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Abstract In the north-eastern part of the Black
Sea, the seasonal complexes of dominant species of
phytoplankton were fixed: small-celled diatom
(spring), coccolithophores (late spring, early sum-
mer) and large diatoms (summer and autumn). In
May–June 2005 and 2006, two invasive species of
marine diatoms Chaetoceros throndsenii (maximal
abundance 1.92 9 105 cells/l) and Chaetoceros
minimus (1.6 9 105 cells/l) were recorded. These
species have been incorporated in the complex of
the late spring and early summer and grew simul-
taneously with the coccolithophore Emiliania hux-
leyi. The coccolithophore was dominant species,
whose abundance had reached the level of a bloom.
C. throndsenii was observed over the entire area
from the coast to the centre of the sea; C. minimus
were recorded at coastal stations and only at two
stations of the open sea. Stratification of the water
mass and the low (below the Redfield) ratio of
nitrogen to phosphorus were observed at this time.
Then, C. throndsenii was not marked even once,
and C. minimus has been registered once on a shelf
in June 2011. Experimental studies (2005) have
shown that intensive growth C. throndsenii requires
the simultaneous addition of nitrogen and phos-
phorus in a ratio close to the Redfield ratio. C.
minimus shows the intensive growth only at high
concentrations of phosphorus and at low nitrogen-
to-phosphorus ratio (the experiment was carried out
in June 2011). Mathematical modelling shows that
C. throndsenii and Emiliania huxleyi form a
stable couple whose growth is limited by different
factors: the diatoms by nitrogen and the coccol-
ithophores by phosphorus. C. minimus might not be
able to form a stable couple with coccolithophores
because they have the same limiting factor, i.e.
phosphorus. However, this species could become
the dominant one, if low (0.5–1) nitrogen-to-
phosphorus ratio conditions were stable for more
than 2 months. However, this scenario is improb-
able in natural circumstances since the existence of
this complex seasonal rarely exceeds 1.5 months.
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Introduction
Changes in the structure of marine communities are
occurring continuously throughout the history of the
ecosystem of the Earth. However, it is believed that the
rate of these changes is increasing, and this is largely
attributed to climate change (namely warming) and
invasive processes (Parmesan 2006; Walther et al.
2009). Species previously observed only in subtrop-
ical and even tropical latitudes are entering the aquatic
ecosystems of temperate latitudes. Invasive processes
are being observed at all levels of the ecosystems from
simple organisms, such as cyanobacteria (Mehnert
et al. 2010), to representatives of higher trophic levels
(Parmesan 2006). There are several possible scenarios
in biological invasion. Alien species may join the
ecosystem, displacing native species, but after a while
leave, at which point the ecosystem is restored. Alien
species may gain a foothold in the ecosystem, but not
play a significant role in its functioning. Finally, such
species may gain a foothold and completely change
the structure of the food chain, replacing some or
many species. The invasion and fixation of the
ctenophore Mnemiopsis leidyi in the Black Sea
ecosystem are an example of possible disastrous
consequences (Vinogradov et al. 1992).
Predicting the appearance of new species is not
possible, because there is no way of forecasting
invasive processes in ecosystems. In aquatic ecosys-
tems, invasive processes are built on competitive
relationships for a limiting growth factor. The ability
with which an alien species competes for limiting
resources determines the nature of the invasion. For
eutrophic ecosystems with a high density of phyto-
plankton biomass, one of the factors limiting the
growth of algae is light. A comparison of the growth
curve as a function of light for native and alien species
allows us to understand the selective advantages of a
species (Mehnert et al. 2010). There is every reason to
believe that, in oligotrophic marine ecosystems, the
nutrients are the main limiting resources (nitrogen,
phosphorus, silicon, etc.) operating the formation of a
new community structure due to invasive processes.
In May–June of 2005 and 2006, we recorded large
abundance of small diatoms: Chaetoceros throndsenii
(Marino, Montresor & Zingone) Marino, Montresor &
Zingone and Chaetoceros minimus (Levander) Mar-
ino, Giuffré, Montresor et Zingone (Pautova et al.
2011; Pautova et al. 2013). These species had not
previously been recorded in the phytoplankton of the
Black Sea (http://phyto.bss.ibss.org.ua) and were not
included in the last review of the literature on this topic
(Gomez 2008).
In marine ecosystems, there are seasonal changes in
the phytoplankton community. There are also long-
term trends that reduce or increase the contribution of
one or other of the species in the community structure.
In particular, in the Black Sea the coccolithophore
growth has been heightened over the last two decades
(Pautova et al. 2007; Mikaelyan et al. 2011). Obvi-
ously, to become successfully fixed in the ecosystem,
the invasive species should be installed in the appro-
priate seasonal complex or they can at least coexist
with the dominant species in a given season.Why have
these invasive species appeared in this ecosystem at
this particular moment and with this particular
seasonal complex?What are the critical characteristics
defining the conditions for their attachment and
dominance in the ecosystem? We attempt to answer
these questions from the results of the following
investigations:
(1) In field studies, the seasonal dominant species
complexes and temporal and spatial distribu-
tions of invasive species in the north-eastern
part of the Black Sea were identified;
(2) In experimental studies, the growth character-
istics of the invasive species were studied;
(3) The conditions of the fixation and dominance of
invasive species in the ecosystem were deter-
mined by using mathematical modelling.
Invasions is a complex process which should take
into account the dynamics of the environment,
ecophysiological properties of invasive species and
multi-level set of relationships in an ecosystem.
Investigation of mechanisms of invasions requires
different approaches. In this article, we have attempted
to find mechanisms invasions in the phytoplankton
using a combination of field observations, experimen-
tal studies and mathematical modelling.
Methods
Field studies
In May–June of 2005 and 2006 during cruises of the
RVs ‘‘Aquanaut’’ and ‘‘Ashamba’’, samples of the sea
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water were taken on standard transect from Blue Bay
(Gelendzhik area) to the centre of the Black Sea
(Figs. 1 and 2). The samples were taken using a Rozett
probe-sampler with a 5-l Niskin bathometer. The
seawater was neutralised using borax-buffered 40 %
formalin with a final concentration in the sample of
1 %. The phytoplankton was concentrated by
sedimentation.
Experimental studies
In 2005 and 2011, a series of laboratory experiments
were carried out in Southern Branch of the Institute of
Oceanology (Gelendzhik). The influences of the
addition of nitrate and phosphate on the structure of
the phytoplankton community were investigated. The
seawater used in the experiments was taken from the
surface layer (0–50 cm) on the shelf station (depth of
50 m) on board the vessel using 5-l plastic containers.
Experiments were carried out in 500-ml Erlenmeyer
flasks, and the culture medium volumes were 200 ml.
The batch method of cultivation was used in all
experiments. Nitrates and phosphates were added once
at the beginning of each experiment in accordance
with a scheme for full factorial experiments 22
(Maksimov 1980) (Table 1). This allowed us to apply
the apparatus elaborate mathematical planning of the
experiments and to present the results in the form of
regression equations. In Table 1, the sign of ‘‘-’’
indicates that the addition of the nutrient was not
performed and ‘‘?’’ signifies that the addition was
performed. To obtain the biomass of species in the
stationary phase of growth, the sign – or ? must be
substituted for both X1 and X2 in the regression
equation:
Y ¼ a0 þ a1X1 þ a2X2 þ a12X1X2:
The temperature in all experiments was equal to the
temperature of the seawater in nature during the period
of the experiment. Incident light intensity was constant
(58–61 lmol photons m-2 s-1 PAR). The light:dark
period ratio was 16:8.
Each variant of the experiments was carried out in
two or three replicates. The Student t test was used to
compare different variants in the experiments, and a
level of significance was set at 5 %.
The cells numbers counts were carried out daily
(using a Nageotte chamber on 0.05 ml) immediately
after the sampling of the culture. Algae of all
systematic groups and size groups were measured,
except for the picoplankton (1–2 lm) fraction.
The method of geometric similarity (cells being
equated to certain geometrical figures (Kiselev 1969;
Hillebrand et al. 1999) was used for calculating the
biomass, and biomass was estimated in terms of wet
weight (mg/m3). The bloom level was taken as cell
numbers greater than 1.0 9 106 cells/l. For
Fig. 1 Locations of stations in the 80th cruise of the
‘‘Aquanaut’’ 9–14 June 2005
Fig. 2 Locations of stations in the 97th cruise of the
‘‘Aquanaut’’ 24–28 May 2006
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nomenclature, we used Tomas (1997), Throndsen et al.
(2003), www.algaebase.org and www.marinespecies.
org.Analyses for phosphate, silicate, nitrate, nitrite and
ammonia were carried out using a segmented contin-
uous-flow Technicon II autoanalyser set or by photo-
colourimetric methods (Bordovskiy and Chernyakova
1992; Grasshoff et al. 1999).
The structure of the model
To do identify the conditions under which a new
species to the ecosystem can gain a foothold in the
phytoplankton community and even become domi-
nant, a simple model of the phytoplankton dynamics in
the upper mixed layer of water (UML) was used.
There are two approaches to describe the dynamic
of phytoplankton communities. The first is based on
the concept of an extracellular regulation of phyto-
plankton growth. In this case, the specific growth rate
is a function of the extracellular nutrient concentration




where ~lij and ~l
m
ij are the current and maximal specific
growth rates of ith species on jth nutrient, respectively;
Cj is the current concentration of jth nutrient; ~Kij is the
half-saturation constant of ith species for jth nutrient.
For non-stationary processes, in particular in the
case of the successional processes in a phytoplankton
community, we must take into account the effect of the
accumulation of nutrients in the cells. This allows use
a concept of intracellular regulation in which the
specific growth rate depends on the intracellular
nutrient content and it is expressed by the model
(Droop 1974):




where lij and l
m
ij are the current and maximal specific
growth rates of ith species on jth nutrient, respectively;
Qij and qij are the current nutrient content and minimal
cell quota, respectively, for jth nutrient in biomass of
ith species.
The process of nutrient uptake depends on the
nutrient concentration in the environment and is




where vij and v
m
ij are the current and maximal specific
rate uptake, respectively, of jth nutrient by ith species;
Kij is the half-saturation constant of ith species for jth
nutrient.
The model describes the dynamics of the phyto-
plankton community in the upper mixed layer (UML)
in the presence of the seasonal thermocline. In this
case, the UML is a relatively isolated system. Vertical
exchange determines the production process; that is,
through the thermocline, nutrients come from the
lower layers and the phytoplankton cells sink.
It is assumed that the specific cell growth rate is
determined by the concentration of the limiting
nutrient content. The system of equations describing
the dynamics of the biomass (or cell numbers), the
nutrient concentration and the nutrient content in
biomass had the form:
dWi
dt




















1 - - 59.6 17.99 16
2 ? - 84 25.41 12.1
3 - ? 100 42.51 31.1
4 ? ? 210 21.49 26.3




¼ vijðCjÞ  Qij min lijðQijÞ
where Wi and Cj represent the biomass concentration
of the ith species and the concentration of jth nutrient,
respectively; Coj is the concentration of the jth nutrient
in the thermocline; D is the rate of water exchange in
the UML.
To parameterise the model, the results of experi-
ments with the batch and continuous culture obtained
from 2005 to 2011 were used (Table 5). First of all,
coefficients of the model Monod were estimated in the
batch culture. Then, the rest of the model parameters
were assessed. At the same time take into account the
following patterns and relations (Silkin and Khailov
1988):






lmij  qij þ vmij
:
Taken into account that half-saturation constant and
maximal growth rate in Monod equation have a
positive link and such parameters of Droop equation as
minimal cell quota and maximal growth rate have a
similar relationship:
lmij ¼ aij  qij




Long-term field studies allowed to distinguish species
constantly present in the dominant complexes of the
species (Table 2). The dominant species were repre-
sented by two taxonomic groups: namely diatoms and
coccolithophores (E. huxleyi). Only once (in spring
2008) the dinoflagellate Scrippsiella trochoidea was
included in the dominant complex of the species.
The data accumulated over the past decade allowed
to identify some common patterns in the dominant
phytoplankton species complex: small diatoms in
spring; coccolithophores in late spring, early summer;
and large cellular diatoms in summer, autumn and
early winter. The spring bloom consisted of small cell
diatoms Pseudo-nitzschia pseudodelicatissima and
Chaetoceros curvisetus. Coccolithophores mainly
dominated in the late spring and early summer in all
years except 2007 and 2008. Two large cellular
diatoms Proboscia alata and Pseudosolenia calcar-
avis were dominated in summer and autumn. The
invasive species C. throndsenii and C. minimus were
registered in the ecosystem in May–June, i.e. during
the period when the coccolithophore was dominated.
Distribution of Chaetoceros throndsenii
and Chaetoceros minimus
The small cellular centric diatom (size 3–5 9 7,
volume-50 lm3) C. throndsenii (Marino, Montresor
& Zingone) Marino, Montresor & Zingone was first
registered on 23 May 2005 offshore near Blue Bay
(Gelendzhik) at the shelf station, and the maximum
cell number of this species was recorded in surface
water at 4.1 9 104 cells/l. In the 80th cruise of the RV
‘‘Aquanaut’’ (9–14.06.2005) in the open sea, the
growth of this species was more intensive
(1.92 9 105 cells/l) (Fig. 1; Table 3). C. throndsenii
was observed simultaneously with the coccol-
ithophore E. huxleyi, of which abundance at some
stations exceeded the bloom level (Table 3).
The abundance of this invasive species ranged from
5.6 9 103 cells/l (station 2183) to 1.92 9 105 cells/l
(station 2170). Thus, the maximum values were
observed at stations on the shelf (stations 2168–2172),
while the largest coccolithophores abundance was
recorded at stations on the slope (2173 and 2174) and
the open sea stations (2180 and 2181).
Another species of invader—small cellular centric
diatom (size 4 9 10, volume-130 lm3) C. minimus
(Levander) Marino, Giuffré, Montresor et Zingone—
was first discovered in May 2005 in the offshore
waters. At the shelf station, the abundance was
1.6 9 105 cells/l. In the 97th cruise of the RV
‘‘Aquanaut’’ (24–28 May 2006), an intensive growth
of these diatoms (up to 4.4 9 105 cells/l) was
recorded at two stations (Fig. 2, Table 4). This
species was registered in the upper 20-m water layer
(the upper mixed layer and the layer of the seasonal
thermocline).
Aquat Ecol (2016) 50:221–234 225
123




Mach to April 2007
Chaetoceros curvisetus April 2008
Emiliania huxleyi April 2009; April 2011
Scrippsiella trochoidea March to April 2008
Late spring, early summer Emiliania huxleyi May, June 2004, 2005, 2006, 2009, 2010, 2011, 2012, 2013
Chaetoceros curvisetus May–June 2007
Proboscia alata June 2009; May–June 2010
Pseudo-nitzschia
pseudodelicatissima
June 2009; May 2010
Pseudosolenia calcar-avis May 2008; June 2010
Summer Pseudo-nitzschia
pseudodelicatissima
August 2002; September 2003; August 2006
Proboscia alata July 2007; July–August 2008; July 2009
Pseudosolenia calcar-avis July 2007; early 2008; July to early September 2012
Emiliania huxleyi July 2006; July to September 2012
Autumn Proboscia alata October 2007; November 2008; October 2009; October 2010
Pseudosolenia calcar-avis September–October 2006; September 2007, 2008; October 2012
Emiliania huxleyi November 2006; October 2012
Winter Proboscia alata December 2009
Emiliania huxleyi December 2006, 2009, 2010 and 2012
Pseudosolenia calcar-avis December 2012




throndsenii at stations 9–14
June 2005 (80th cruise RV
‘‘Aquanaut’’)
Station Chaetoceros throndsenii Emiliania huxleyi
Abundance (cells/l) Biomass (mg/m3) Abundance (cells/l) Biomass (mg/m3)
2168 144,000 7.2 399,600 71.9
2169 140,000 7 263,200 47.4
2170 192,000 9.6 984,000 177
2171 8000 0.4 1,000,000 183
2172 168,000 8.4 944,530 170
2173 6400 0.32 1,248,000 224.6
2174 12,800 0.64 1,190,400 214.2
2175 32,000 1.6 627,200 112.9
2176 16,000 0.8 299,000 53.8
2177 29,000 1.44 691,200 124.4
2178 60,000 3 592,000 106.6
2179 19,200 0.96 586,670 105
2180 45,000 2.24 1,344,000 241.9
2181 58,000 2.88 1,622,400 292
2182 19,200 0.96 554,670 99.8
2183 5600 0.28 668,270 119
226 Aquat Ecol (2016) 50:221–234
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Physical conditions of growth of invasive species
The growth of invasive species was registered from
mid-May to mid-June, when the depths of the mixed
layer varied from 4 to 15 m and it was mainly in the
range 8–12 m. The surface water temperatures
changed from 18 to 23.8 C, salinity from 16.75 to
17.25. The light fluxes were maximal of all values of
the year.
Hydrochemical growth conditions of invasive
species
Both of the invasive species C. minimus and C.
throndsenii were found at high concentrations of
phosphorus (0.26 and 0.44 lM, respectively) and
silicon (9.3 and 7.6 lM, respectively) (Fig. 3a–c).
Growth of C. throndsenii occurred at very low
concentrations of dissolved inorganic nitrogen (DIN,
0.37 lM). These invasive species have been recorded
in the ecosystem at the conditions of coccolithophores
dominance—at N:P ratios below the Redfield ratio (7
and 1 forC. minimus and C. throndsenii, respectively)
and at Si:N ratios above the Redfield ratio (5 and 21,
respectively) (Fig. 3d–f).
Experimental studies
In an experiment with natural phytoplankton populations
undertaken 23 May 2005 was established that the
maximum biomass of C. throndsenii (Wst) in batch
culture depends on the initial concentration of nitrogen
and phosphorus. This parameter varied from 59.6 mg/m3
(variant 1 without additions) to 210 mg/m3 (variant 4
with the simultaneous additions of nitrogen and phos-
phorus) (Table 1). The regression equation reproducing
the influence of the additions of nitrogen and phosphorus
on biomass concentration in stationary phase of batch
culture (Wst) has the form (confidence interval in
parentheses):
Wst ðmg/m3Þ ¼ 114:4 þ 32:6X1 þ 42:6X2
þ 20:4X1  X2 11:6ð Þ;
where X1 and X2 refer, respectively, to nitrogen and
phosphorus additions.
This equation implies that only the simultaneous
addition of nitrogen and phosphorus increases abun-
dance of this species in the sea.
Another species of invader, C. minimus, first found
inMay 2006 but experimental studies with this species
have not been carried out. This species was not fixed in
the phytoplankton in the north-eastern part of the sea
until the second half of June 2011 on the shelf station
located over the 50 m depth. An experiment carried
out on 24 June 2011, and it indicated that the
maximum accumulated biomass of this species was
in the range of 17.99–42.51 mg/m3 (Table 1). The
highest level of biomass was observed in variant three
where only phosphorus was added. The regression
equation representing the influence of additions of
nitrogen and phosphorus on the biomass concentration
(Wst) of this invasive species has the form (confidence
interval in parentheses):
Wst ðmg/m3Þ ¼ 26:85 3:4X1 þ 5:15X2  7:11X1
 X2 3:42ð Þ:
From this equation andTable 1, it is followed that the
maximum effect would be achievedwith the addition of
phosphorus only. The simultaneous addition of nitrogen
and phosphorus would not lead to an increase in the
proportion of this species in the community.
Experiments with the addition of nitrogen and
phosphorus undertaken on board the RV ‘‘Aquanaut’’
on 26 May 2006 indicated that cell numbers of E.
huxleyi (Zst) depend on the phosphorus concentration
(confidence interval in parentheses):
Zstð106cell/lÞ ¼ 21:15 1:95X1
þ 7:55X2  0:45X1  X2 2:25ð Þ:
These experimental results allowed to estimate the
kinetic parameters for the model below (Table 5).
Table 4 Abundance of coccolithophores Emiliania huxleyi
and invasive species Chaetoceros minimus on the surface of the
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Mathematical modelling of the dynamics
of invasive species
Computational calculations were carried out for
determining the conditions for fixing invasive species
in the ecosystem. As native species, the diatom
Pseudo-nitzschia pseudodelicatissima and the coccol-
ithophore E. huxleyi were investigated. These species
dominate during approximately the same time interval
and can realistically compete for nutrients.
The results of the calculations showed that the
phytoplankton community is sensitive to changes in
the flow rate. The community is stable when the water
exchange rate is less than 0.1 day-1. Therefore, for the



































































































Fig. 3 Hydrochemical conditions in the upper mixed layer in
the period 2002–2010 at which the dominance of coccol-
ithophores and/or diatoms was observed and the invasive
species were detected in 2005 and 2006. Straight lines represent
the Redfield values of nutrients ratios (according to Brzezinski
1985)
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lmax NO3 1/day 1.92 2.70 1.80 2.25
lmax PO4 1/day 1.55 1.84 1.55 2.6
tm NO3 lM/(day mg) 0.0379 0.0771 0.0714 0.0714
tm PO4 lM/(day mg) 0.1452 0.5806 0.1161 0.0645
K NO3 lM 0.1000 0.7143 0.1429 0.0714
K PO4 lM 1.1613 0.5161 0.6452 1.4516
qN lM/mg 0.2143 0.2143 0.2143 0.2143
qP lM/mg 0.00645 0.00645 0.00645 0.00710
Fig. 4 Biomass
concentration (g/m3)






and Chaetoceros minimus at
nitrogen concentration
0.43 lM and different
nitrogen-to-phosphorus
ratios
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Calculations of the biomass dynamics of the native
species Pseudo-nitzschia pseudodelicatissima and E.
huxleyi and the invasive species C. throndsenii and C.
minimus at a nitrogen concentration of 0.43 lM, and a
range of N:P ratios (0.5–32) indicated that there are
conditions for fixing these invasive species in the
ecosystem (Fig. 4). When N:P ratio was 16 and above,
there only were native species in the ecosystem: the
diatom P. pseudodelicatissima and E. huxleyi. Even-
tually, the diatom displaces E. huxleyi, and it remains
the only dominant. The invasive species did not have a
chance to gain a foothold in the ecosystem. When N:P
ratio was 8 and 4, E. huxleyi became the dominant
species and C. throndsenii became an accompanying
species; its share in the community can grow. When
N:P ratio was equal to 1, E. huxleyi was the dominant
species at first, and then after a 70-day period, C.
minimus became dominant species. The other invasive
species, C. throndsenii, did not have opportunity to
achieve substantial growth. When N:P ratio was 0.5,
there was a similar picture; only C. minimus became
the dominant species at first.
By reducing the concentration of nitrogen in inflow
water by half, the biomass of all species decreased, but
the overall picture of the biomass dynamic did not
changed significantly (Fig. 5). When N:P ratio equal-
led 4 or higher, the native species formed a community
in which invasive species were unable to become
dominant for any time. When the N:P ratio was 4, C.
throndsenii became subdominant and the native
species E. huxleyi was dominant. When N:P ratio
equalled 0.5 and 1, a competition between the two
species (E. huxleyi and C. minimus) increased, but
with the time the invasive species became dominant.
The low values of N:P ratio were observed only in
2005 and 2006 (Fig. 6). Further, only the high values
of this ratio were recorded.
Discussion
Promotion of new species in the northern regions due
to climate change could be the first explanation of the
appearance of new species. Indeed, there are many
examples of promotion of marine species at 1000 km
north (Parmesan 2006). The newly discovered species
C. throndsenii and C. minimus had been found earlier
in the Mediterranean Sea (Marino et al. 1991;
Genitsaris et al. 2011). Therefore, it would be
attractive to consider this invasive process as a
consequence of climate change. However, in subse-
quent years these species were not detected in the
north-eastern part of the Black Sea. The temperature at
which the invasive species were recorded does not
differ significantly from the temperatures of the
previous and subsequent years. This indicates that
the temperature is not critical and that there are other
mechanisms of regulation of invasive processes.
Simple scheme of succession of phytoplankton in
the north-eastern part of the Black Sea was imple-
mented: small diatoms, followed by coccolithophores,
followed in turn by large diatoms, as highlighted earlier
(Silkin et al. 2013). Invasive species are integrated into
the ecosystem in a period when coccolithophores
dominated. Therefore, these species and coccol-
ithophores have similar conditions of existence. Dur-
ing this period, the maximum light intensity on the sea
surface is a typical, and so it is difficult to assume that
this factor was the main regulator of the community
structure. Given that, the eutrophication of the north
eastern part of the sea is not significant it is natural to
assume that the main regulator of the community
structure is the nutrients concentration.
Specific spatial distribution of invasive species C.
throndsenii and C. minimus indicates the important
role of nutrients concentrations. The first species was
found at all stations of the standard transect and
coexisted with E. huxleyi (Table 3). Its share in this
two-species community was small. The maximum
contribution (10 and 14 %) by C. throndsenii was
found in the coastal stations (2168 and 2169). The role
of this species was reduced on average to about 1 % on
the stations near the centre of the Black Sea. The other
species, C. minimus, was observed only on the shelf
stations in 2005, 2006 and 2011 and only on two
stations of open sea in 2006 (Table 4). Small contri-
bution of these invasive species in the total biomass of
the community indicates that the nutrients concentra-
tion is insufficient for the intensive growth of phyto-
plankton species. In addition, these species showed
higher contribution to the total biomass on a shelf
where the nutrients concentration is higher.
The experiments allowed to understand the reasons
for such a distribution of this invasive species. C.
minimus is very sensitive to phosphorus concentration
and shows fast growth at high concentrations of this
nutrient. One would expect this species to have
intensive growth in areas of elevated concentrations
230 Aquat Ecol (2016) 50:221–234
123
of phosphorus. Indeed, this species was observed in
areas of increased eutrophication (Marino et al. 1991;
Shevchenko et al. 2006; Genitsaris et al. 2011).
The invasive species C. throndsenii and the native
species E. huxleyi can successfully coexist in the
north-eastern part of the Black Sea. This indicates that
the two species did not have a competition for one
limiting factor. At this time, diatoms were represented
by only this invasive species. This situation continued
in June, indicating the prolonged preservation of a
two-species community. The reasons for this phe-
nomenon are apparent from the results of the exper-
imental studies and mathematical modelling. Indeed,
our experiments have shown that the successful
development of this invasive species requires rela-
tively higher concentrations of nitrogen and phospho-
rus. Unlike E. huxleyi, which requires for its growth
increased concentrations of phosphorus, the diatom is
more sensitive to nitrogen (Silkin et al. 2014). All of
these suggest that this pair of species has two different
limiting nutrients: the diatoms C. throndsenii are
limited by the concentration of nitrogen and E. huxleyi
by the phosphorus concentration. A community of two
species having different limiting factors must be
sustainable. Perennial theoretical and practical
research on microbial communities, as well as on
phytoplankton, has demonstrated the validity of this
position (Tilman 1977; Abrosov and Bogolyubov
Fig. 5 Biomass
concentration (g/m3)






and Chaetoceros minimus at
nitrogen concentration
0.215 lM and different
ratios of nitrogen to
phosphorus
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1988; Silkin and Khailov 1988). Consequently, the
pair ‘‘E. huxleyi and invasive species C. throndsenii’’,
having different limiting factors, should have different
half-saturation constants for nitrogen and phosphorus.
The half-saturation constant of E. huxleyi for the
nitrogen uptake rate must be less than this parameter of
the invasive species. In turn, the half-saturation
constant for the phosphorus uptake rate should be
greater than that measured inC. throndsenii. Only then
can these species coexist in steady-state conditions for
an arbitrarily long period.
Evaluation of the kinetic parameters of the model
based on the experimental data (Table 5) confirmed this
position. Computational experiments on the model
using data from the kinetic constants showed that the
coexistence of these species depends on the ratio of
nitrogen-to-phosphorus concentrations (Figs. 4 and 5).
When the N:P ratio is in the range from 4 to 8, such
coexistence is possible. When N:P is equal to 8, 16 and
32, the native species benefits in the competition and
remains the dominant species.
However, there are conditions under which another
invasive species, C. minimus, can gain a foothold in
the ecosystem and even become dominant. This occurs
when an increasing of the phosphorus concentration
reduces the nitrogen-to-phosphorus ratio. C. minimus
can become dominant when N:P is below 1, although
this requires stable conditions for at least 2 months. In
the natural condition, this is virtually impossible,
because increase in the concentration of phosphorus is
a rather episodic phenomenon (and local rather than
widespread). Reducing the phosphorus concentration
by its uptake by C. minimus and E. huxleyi leads to
conditions under which the latter receives a compet-
itive advantage. This pair does not form a community
with different limiting factors, and therefore their joint
coexistence would be impossible. This was also
observed in nature when invasive species were
recorded mainly in the coastal waters, where a local
increase in the concentration of phosphorus was most
likely to be found. In the open part of the sea, the
growth of C. minimus was limited.
Hydrochemical data of the seawater during E.
huxleyi intensive growth (Fig. 3) and the concomitant
growth of invasive species are not inconsistent with
the mentioned above propositions. Indeed, the nitro-
gen-to-phosphorus ratio during the intensive growth of
the invasive species C. throndsenii was close to 1. By
mid-June 2005, a community of the invasive species
and E. huxleyi was located on almost the entire
explored area, and this community was close to steady
state. At the end of May 2006, during an intense
growth of coccolithophores, high concentrations of
nitrogen and phosphorus were observed in the envi-
ronment. This indicated that the community was far
from steady state but it was in a transient state. At this
time, high concentrations of phosphorus allowed
invasive species C. minimus to grow in the ecosystem.
The residual concentration of the limiting growth
nutrient was determined primarily by the half-satura-
tion constant for the uptake of this nutrient (Litchman
et al. 2004). The coccolithophore E. huxleyi eventually
became the dominant species, and the residual
concentration of the limiting nutrient is determined
by this species. Until the end of May, this species not
yet become an absolute dominant. The ratio of
nitrogen to phosphorous was equal to 7, but with time
the intensive growth of E. huxleyi decreased the
concentration of both nitrogen and phosphorus and
ratio of these nutrients. After 2006 the N:P ratio was
not high (Fig. 6) and such conditions was not
conducive to the growth of these invasive species.
Why are these species not recorded in the western
part of the Black Sea? This part of the sea exposed to
eutrophication and the species of spring complex there
develop in the period of intensive growth coccol-
ithophorids in the eastern part of the sea (Moncheva
et al. 1995, 2001). During this period, the conditions
for the existence of a pair of ‘‘E. huxleyi–C. thrond-
senii’’ are absent. The nutritional stoichiometry is not
Fig. 6 Dynamics of relations between the basic nutrients in the
upper 5 m layer on the shelf of the north-eastern part of the
Black Sea in the period May–June (near Gelendzhik). The zero
value corresponds to the theoretical Redfield ratio of nutrient
(according to Brzezinski 1985)
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appropriate for intensive growth to another species C.
minimus because there is a high concentration of
nitrogen, and this leads to high values of the nitrogen-
to-phosphorus ratio (Pakhomova et al. 2014).
With regard to the pathways of species invasion, the
hypothesis of penetration of invasive species C.
throndsenii via elevated intrusions of Mediterranean
waters through the Bosphorus because the massive
growth of this species was observed across the waters
of the north-eastern part of the Black Sea. As for C.
minimus, identifying the most preferred hypothesis of
the penetration is not yet possible. This species has a
high growth rate in high phosphorus concentration,
and its cells have high rate of degradation under
adverse conditions. Perhaps, C. minimus permanently
or for a short time grow in the bays, but for various
reasons it was not recorded earlier. In this case, this
species is not an invasive species. Only recently on the
scale of geological time (about 9000 years ago), the
seawater began to arrive in the Black Sea (Ryan 2007).
The formation of the Black Sea as a marine ecosystem
took about 4000 years. Have the phytoplankton been
stable in the ecosystem? One of the criteria of stability
is resistance to invasion. Our research on the invasive
diatoms C. throndsenii and C. minimus in 2005–2006
indicates that phytoplankton have some resistance.
New species may appear in the phytoplankton, but to
keep them in the ecosystem is required constancy of
environmental conditions for a long time. The struc-
ture of the phytoplankton community has seasonal
changes in response to changing environmental con-
ditions. A certain set of species for every season is
selected in the course of the evolution of the Black Sea
ecosystem. Thus, it is difficult for new species to be
fixed in the ecosystem, and only critical violations
connected with climate changes or anthropogenic
influences can lead to essential change of structure of a
phytoplankton due to the emergence of new species.
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